Abstract
Virgo is a power recycled Michelson interferometer, with 3 km long FabryPerot cavities in the arms. The locking of the interferometer has been obtained with an original lock acquisition technique. The main idea is to lock the instrument away from its working point. Lock is obtained by misaligning the power recycling mirror and detuning the Michelson from the dark fringe. In this way, a good fraction of light escapes through the antisymmetric port and the power build-up inside the recycling cavity is extremely low. The benefit is that all the degrees of freedom are controlled when they are almost decoupled, and the linewidth of the recycling cavity is large. The interferometer is then adiabatically brought on to the dark fringe. This technique is referred to as variable finesse, since the recycling cavity is considered as a variable finesse Fabry-Perot. This technique has been widely tested and allows us to reach the dark fringe in few minutes, in an essentially deterministic way.
PACS numbers: 04.80.Nn, 95.55.Ym (Some figures in this article are in colour only in the electronic version)
The Virgo longitudinal control system
The nominal sensitivity of a power recycled Michelson interferometer detector with suspended optics such as Virgo is achieved by selecting an appropriate working point, with laser light resonant in the optical cavities, and the output port tuned on the dark fringe. These conditions translate into fixed relationships between the laser light wavelength and four independent lengths of the interferometer (see figure 1 ):
• the length of the recycling cavity (PRCL), l rec + The Virgo suspension system, the so-called superattenuator (SA) [1] , provides very good seismic isolation in the frequency band used for detection, but below a few hertz some seismic noise is transferred to the mirrors or even amplified by the SA mechanical resonances. While the expected sensitivity is of the order of 10 −18 m Hz −1/2 at the rate of 10 Hz, the allowed deviation from the working point, or locking accuracy, is 10 −12 m rms. An active feedback control system is therefore needed to keep the interferometer locked on the required interference conditions.
Relative displacement of the mirrors is detected using a carrier beam phase modulated at f = 6 MHz. The carrier beats with the sidebands, producing light modulated in intensity with frequency f, 2f, . . . . Using a standard Pound-Drever-Hall scheme [2, 3] all the lengths involved can be reconstructed by mixing the signals produced by the photodiodes, which are placed at different output ports of the interferometer. These error signals are digitized and sent to the Virgo global control system (Global Control [4] ), which computes the corrections to be applied to the mirrors by coil magnet actuators. A local control system, referred to as the ground, is active in the bottom part of each SA in order to keep the longitudinal displacement of the mirrors below 1 µm rms. In this way, the longitudinal lock of the interferometer can be acquired using a limited actuation force, thus preventing noise reinjection in the detection band. 
Lock acquisition of the recycled interferometer
The process by which an interferometer in an initially uncontrolled condition is brought to and kept at its working point by closing the feedback loops is called lock acquisition.
Detectors with an optical set-up similar to Virgo, such as LIGO and TAMA, apply a lock acquisition technique based on a statistical approach, where the control loops are engaged every time the interferometer passes through the relative resonance conditions. The four independent lengths of the interferometer are then sequentially locked at their operating points, dynamically changing the optical sensing matrix in order to compensate the variation of the fields in the course of lock acquisition [6] . The locked state is reached in a sequence of three steps 14 starting from the uncontrolled condition, where only the final one is stable.
The variable finesse locking technique
An alternative lock acquisition technique has been developed in Virgo: it differs from the multisteps scheme mainly because all four longitudinal degrees of freedom of the interferometer are locked simultaneously.
The main idea is that the interferometer is locked away from the working point of the dark fringe. A good fraction of light escapes through the antisymmetric port and the power build-up inside the recycling cavity is extremely low. In this way, all the lengths of the interferometer are controlled when they are almost decoupled and the linewidth of the recycling cavity is large, making the control design easier. From this stable state, the interferometer is then adiabatically brought on to the dark fringe. This technique is referred to as variable finesse, because the finesse of the recycling cavity changes during the lock acquisition path.
The variable finesse locking procedure
The locking procedure starts with the PR mirror slightly misaligned by some microradians, in order to further decrease the power stored inside the recycling cavity. The simple Michelson is kept at mid-fringe (50% reflected, 50% transmitted), adding an offset in the dark port dc signal and applying the correction to the BS mirror. Since all the degrees of freedom are almost decoupled in this state, the two arms can be independently locked using the end photodiodes. The small quantity of light reflected by the interferometer is used to control the recycling cavity power length, by the reflected 3f -demodulated signal, as comprehensively tested in the TAMA control scheme [7] . This stable configuration can usually be reached 14 In the first step, the sidebands enter in resonance in the recycling cavity (anti-resonant in the arms), the carrier is on the anti-resonance for the recycling cavity and for the arms; in the second step, the carrier enters in resonance in one arm, on the bright fringe in the recycling cavity, where the sidebands remain in the same condition; in the last step, the carrier goes in resonance in both arms and in the recycling cavity [5] . Final locking control scheme: PRCL is controlled using the reflected 3f -demodulated signal, MICH by one phase of the demodulated signal extracted from the second face of BS, the other phase is used to control CARM. DARM is controlled by the dark port demodulated signal.
in a few seconds, with a pre-alignment of all the mirrors within 0.5 µrad, preventing mirror excitations. From this starting condition the PR is realigned, while always maintaining the Michelson at mid-fringe, giving a very low recycling gain.
In order to increase the recycling gain, the Michelson has to be brought on to the dark fringe: this is done adiabatically, decreasing the offset in the Michelson error signal. At the same time, the control scheme evolves to take into account the increasing coupling between the different degrees of freedom. The end photodiodes, in fact, can only be used to independently control the cavities when the interferometer is far from the dark fringe. When approaching the dark fringe they begin to couple strongly and a common and differential control has to be activated to maintain the interferometer locked.
Then a frequency stabilization servo is engaged, controlling CARM with a bandwidth of a few kilohertz: consequently, the signal generated by this degree of freedom on all the photodiodes is significantly reduced. DARM is kept in a locked state by one of the end photodiode signals. The final step consists of switching from the dc to a demodulated signal to control the Michelson length. Eventually, the offset in the Michelson error signal is removed; the interferometer goes on to the dark fringe and the recycling cavity gain increases up to the maximum value. The last step of the lock acquisition procedure (see figure 2) consists of moving the DARM control from the end photodiode signal to the dark port signal, which has a better signal-to-noise ratio.
The PRCL length remains stably controlled by the reflected 3f -demodulated signal during the entire lock acquisition sequence. This is in fact the main advantage in using the 3f -demodulation scheme with respect to the standard f scheme for the PRCL control: the stability of amplitude and sign of the PRCL reconstructed length even during lock acquisition, which allows us to keep this degree of freedom locked without changing the control scheme [8] .
Results and conclusions
The lock acquisition sequence usually takes less than 2 min, as shown in figure 3 ; thanks to a fully automatic locking procedure.
During the commissioning run C6 [9] , Virgo ran for two weeks in recycled configuration. The interferometer has been systematically locked applying the variable finesse technique, in a deterministic and repeatable way. The duty cycle over the two weeks has been of 86%, with a longest lock lasting 40 hours (see figure 4) . 
